Various digestion procedures were carefully investigated and accurately evaluated with respect to their effect on the analysis of cereals and cereal flours. Multielement methods were selected and well developed for the determination of essential (Cr, Cu, Fe, Mg, Mn, and Zn), nonessential (Ag, Al, Ba, Bi, In, and Ga), and toxic (Cd and Pb) minor and trace elements by inductively coupled plasma-atomic emission spectrometry. Only Ag could be determined, either with aqueous standard or standard addition calibration methods, while the standard addition methods were more accurate for the determination of other elements. The recoveries were mostly within the range of 84.1-113% for the expected values of all analytes with respect to certified reference material NIST SRM 1586a (rice flour). The results proved that, for cereals and cereal flours, the use of H 2 O 2 for wet digestion and HNO 3 for dry ashing were not necessary. Linear regression analysis and Student's paired t-test were applied to evaluate the significant differences between different procedures and type of samples.
I n recent years, there has been increasing implementation of multielement techniques in the analysis of foodstuffs to establish limits for human exposure from the diet. Regarding general population exposure to essential, nonessential, and toxic minor and trace elements, the relative intake via respiration (inhalation) and ingestion may vary, subject to environmental conditions (1, 2) .
Cereals, such as wheat, rice, corn, barley, rye, oats, and millet, are grains produced by plants (crops) belonging to the grass family. Wheat, rice, and corn are considered to be the most economically and nutritionally available in the world. They contain abundant amounts of antioxidants, vitamins, fats, minerals, fibers, lipids, carbohydrates, proteins, enzymes, and other beneficial nutrients. Food composition depends on many factors, such as climate, soil, variety, transport, storage, and preparation, that vary from 1 region to another and even within the same country (2, 3) . It is now well recognized that minor and trace amounts of many metals play a vital role in several biochemical, clinical, nutritional, toxicological, environmental, and occupational health problems, while overdoses of these metals are usually harmful to health.
Depending on the analysis task, several factors should be considered in order to choose the most suitable sample preparation method: levels of contamination introduced during preparation; completeness and reproducibility in analyte recovery from the matrix; possibilities for obtaining a representative sample (i.e., a sufficient amount in relation to homogeneity); suitability of the resulting solution for the instrumental technique; time needed for sample preparation; and economic aspects, including labor and reagent consumption, equipment cost, etc. These factors are very important for analysis of minor and trace elements, from both nutritional and toxicological points of view (4) (5) (6) (7) (8) . The decomposition of organic materials in food samples can be achieved by either dry ashing and/or wet digestion. Although dry ashing is well established for the decomposition and determination of minor and trace elements with most analytical techniques, it is associated with losses by volatilization and/or retention problems. However, these problems can be overcome or reduced by using oxidizing materials (ashing aids), such as Mg (NO 3 ) 2 , HNO 3 , and H 2 SO 4 , or a mixture of MgO-HNO 3 , or, sometimes, by careful manipulation of the ashing temperature (9) (10) (11) (12) . In addition, the lower blank levels and the capability of handling large samples, up to 10 g, can make dry ashing methods desirable for minor and trace element determination. On the other hand, wet digestion methods for decomposition of food materials are widely available because of their simplicity. They are fairly rapid and flexible in terms of being applicable to changing sample weights and decomposition conditions, less prone to either volatilization or retention losses, and inexpensive. The main drawbacks are the coprecipitation of sparingly soluble compounds, incomplete digestion of organic material, and formation of insoluble compounds (13) (14) (15) (16) . Correspondingly, the use of oxidizing acids such as HNO 3 and/or H 2 SO 4 is important, especially for wet digestion of food samples high in carbohydrates or fats, to reduce carbonization and ensure completeness of the decomposition. Also, mixtures of HNO 3 -HClO 4 or HNO 3 -HCl, or combinations of more than 2 acids, are usually employed in wet digestions, while the use of H 2 O 2 may be needed when the sample material is difficult to decompose (6, 17, 18) .
The different procedures that are commonly applied result in incongruous results because of inaccuracy due to matrix effects, sampling errors, contamination and losses during handling, pretreatments, decomposition, and other procedural steps. Often, inaccuracy in determinations of some elements may also be attributed to the sampling, decomposition, or digestion stages involved. Moreover, the chemical action of the reagents, formation of some insoluble compounds, resistance of some element compounds to oxidation, and volatility of some element species present or formed can cause errors. It follows that methods for determining trace elements should involve minimal sample handling, be rapid, and have detection limits that are relatively low to permit easy and reliable determination of analytes (10, 19) . Because minimal sample pretreatment is a key demand in modern analytical chemistry, we continued our research in this field. Considering these requirements, inductively coupled plasma-atomic emission spectrometry (ICP-AES) is a good alternative because it allows a multielement determination in a single solution, with sufficiently low detection limits, selectivity, speed, precision, and wide analytical (dynamic) range (5, 17, 20) .
The knowledge of metal concentrations in foods can provide important information on the impact of the use of chemical products in crops and on levels of environmental pollution in farms. Furthermore, such a survey may indicate local foodstuffs that are important to supply essential metals for population groups. In this paper, various digestion procedures were carefully investigated and evaluated with respect to their effect on the analysis of cereal and cereal flour samples. After preliminary study of (National Institute of Standards and Technology NIST, Gaithersburg, MD) standard reference material (SRM) 1586a, the 4 most effective procedures (2 wet digestions and 2 dry ashing methods) that gave complete sample dissolutions (analyte transfer into solution) were selected and further developed. These procedures were used for sample decomposition and for determination of essential (Cr, Cu, Fe, Mg, Mn, and Zn), nonessential (Ag, Al, Ba, Bi, In, and Ga), and toxic (Cd and Pb) minor and trace elements by ICP-AES.
Experimental

Instrumentation and Apparatus
A Perkin-Elmer Optima 3100XL ICP-AES instrument (CITY, COUNTRY?) was used for the determination of elements, according to operating conditions given in Table 1 tbl2 A peristaltic pump was used to introduce the sample solutions into the ICP at a flow rate of 1 mL/min and to discard the wastes at a higher flow rate. A temperature-controlled electric muffle furnace (Stuart Scientific Co. LTD, (CITY?) England) was used for ashing. A hot plate and precision vacuum oven (Thermolyne, Sybron Corporation (CITY, COUNTRY?)) were also used. In order to avoid contamination before use, all glassware, polytetrafluoroethylene (PTFE) digestion vessels, and polyethylene storage bottles were soaked in freshly prepared 10% (v/v) HNO 3 for at least 48 h, and finally washed 3 times with doubly deionized water. Porcelain crucibles were immersed in diluted (AU: GIVE HCI EXACT CONCENTRATION?) HCI for ca 2 days and rinsed with doubly deionized water several times.
Instrumental Conditions
Standard, reference, and sample solution extracts that were obtained after the wet digestion and dry ashing procedures were analyzed by ICP-AES using the operating conditions listed in Table 1 .
Reagents and Reference Solutions
(a) High purity doubly deionized water.-Used for digestion, preparation of sample and reference material solutions, and dilution of all chemicals and reagents. Also, 3 to give a range of working standards (0.0, 10, 50, 100, 500, and 1000 mg/L).
(g) Certified reference material NIST SRM 1586a (rice flour).-Supplied by the NIST and used for optimization, setup, and validation of the whole analytical procedure. Certified reference values are available for most of the elements under investigation for assessment of the method's accuracy.
Preparation of Sample Solutions
Three samples of cereals (rice, wheat, and corn) and 3 of cereal flours (rice flour, wheat flour, and corn flour) were purchased from a market. Samples were selected carefully to represent the major categories that are available commercially. All samples were analyzed for essential, nonessential, and toxic minor and trace elements.
Sample preparation is often the rate-determining step in an analysis. The pretreatment of food items usually involves dry ashing of a sample and subsequent dissolution of the ash in an acid medium or, alternatively, direct acid treatment by wet oxidation. Because the grinding of cereals prior to digestion caused no detectable effects on the determined values of minor and trace elements (21) , cereal samples were ground and sieved into a fine powder (<100 mm). To do this, a fraction of ca 3 g of each cereal sample was subjected to grinding and sieving using an acid-washed agate mortar and pestle. The first 2 fractions were discarded because they were thought to be more liable to contamination through grinding and sieving. The third aliquot was subsequently dried to a constant mass at 50° ± 10°C using a precision vacuum oven, and then cooled in a desiccator and weighed as soon as it reached room temperature. Rice, wheat, and corn flour samples were not submitted to further sieving (all of them were finely powdered to <100 mm). NIST SRM 1586a was used as bottled, without further grinding and sieving, but it was dried as described in the certificate of analysis.
Wet Digestion Procedures
Samples were accurately weighed (ca 0.5 g) into dry, clean PTFE digestion vessels. One mL H 2 O was first added (drop by dro, to moisten the sample), and then the appropriate digestion mixture [HNO 3 -H 2 SO 4 , (2 + 1) for Wet Digestion Method 1 (WD1) or HNO 3 -H 2 O 2 -H 2 SO 4 , (4 + 1 + 1) for WD2]. The presence of water in the mineralization mixture helps to prevent the evolution of gases resulting from the high content of carbohydrates in the material (21) . When the initial reaction subsided, the vessel contents were gently mixed, and the mixtures were left for ca 1 h in a clean fume hood at room temperature for predigestion. The vessel contents were digested on a hot plate inside the fume hood at 110° ± 10°C until heavy evolution of brown NO 2 fumes ceased. Then, the temperature was gradually increased and the heating was continued until white fumes of SO 3 evolved, leaving only a clear, colorless or pale yellow solution of residual sulfuric acid and inorganic constituents (ca 0.5 mL). If carbonization (charring) appeared, the vessel was removed from the hot plate and cooled in a water bath, ca 1 mL HNO 3 was added, and the digestion was continued until the solution cleared. Finally, after cooling, the residue were dissolved in 2.5 mL HCl, diluted to 50 mL with H 2 O, and transferred immediately to polyethylene storage bottles for further analysis. The presence of 0.6M HCl in the final solutions is necessary for minimizing the formation of insoluble hydroxides and maintaining an acidic environment. The same acid digestion procedures were carried out for blanks and NIST SRM 1586a to validate the quality of the analytical procedures.
Matrix effect studies were carried out by spiking some of the original undigested samples with various amounts of standard solutions of the metals (0.0, 10, 50, 100, 500, and 1000 mg/L). The spiked samples were mineralized using the same digestion procedures as were applied to the nonspiked samples.
Dry Ashing Procedures
Three-gram sample portions were accurately weighed into porcelain crucibles. Three mL H 2 O was first added (drop by drop, to moisten the sample), and then the ashing aids [for Dry Ashing Method 1 (DA1), an ethanol solution of Mg (NO 3 ) 2 , and for DA2 5%, (v/v) HNO 3 -ethanolic Mg (NO 3 ) 2 , (2 + 1)]. The presence of water in the mineralization mixture is for the same reason as mentioned above. When the initial reaction subsided, the crucibles were placed on a hot plate inside a fume hood, and heated at 90° ± 10°C to evaporate moisture and excess reagents and carbonize the samples. Then, the crucibles containing the carbonized materials were transferred into a temperature-controlled electric muffle furnace at 500° ± 20°C for ca 2-3 h for ashing. After ashing was completed (white or semigray ash of inorganic residues), the crucibles were left to cool to room temperature. If carbon particles remained in the crucible, the black residue was moistened with several drops of HNO 3 and the suspension was reashed (recalcination) in a muffle furnace for another 30 min at the same temperature. This procedure yielded a white or semigray ash. The crucibles were then cooled to room temperature. The ashes were first moistened with a few drops of H 2 O, then dissolved by subsequently adding 2.5 and 1.5 mL HCl and HNO 3 to the crucibles and, finally, quantitatively transferred to 50 mL volumetric flasks (volumes were brought to 50 mL 
with H 2 O). Then, the flasks were shaken well and transferred immediately to polyethylene storage bottles for further analysis. The presence of both HCl and HNO 3 in the case of dry ashing was necessary to facilitate ash dissolution, minimize formation of insoluble hydroxides, and maintain an acidic environment. The same ashing procedures were carried out for NIST SRM 1586a to ensure the quality of the analytical procedures.
Matrix effect studies were carried out by spiking some of the original, unashed samples with various amounts of standard solutions of the metals (0.0, 10, 50, 100, 500, and 1000 mg/L). The spiked samples were ashed using the same procedures as were applied to the nonspiked samples.
Statistical Analysis
Significant differences between means were evaluated by Student's paired t-test (confidence interval, 95%). Linear regression statistical testing and correlation analysis were also performed (at 99% probability level) for comparison of the slopes of regression lines found by plotting the emission intensities of aqueous standards vs the emission intensities of standard addition solution. Also, these tests have been used to examine the statistical significance of differences between or among samples and the different methods of analysis used with various experimental conditions.
Results and Discussion
Selection of Emission Lines
All elements were measured using 2 different spectral emission lines (atomic and ionic lines), and the sensitivities based on the emission intensities were calculated. Greater intensity values indicated higher sensitivity. Therefore, in the present study, the higher sensitivity for each element was observed at the following spectral lines ( 
Accuracy Control of Digestion Methods
In order to verify the accuracy of the investigated methods, certified reference material NIST SRM 1586a was treated by the proposed methods and analyzed by ICP-AES using the operational conditions listed in Table 1 . The results (Table 2) indicated that there was good agreement between measured and certified values within absolute errors of less than 16% ( Figure 1 ). Student's paired t-test showed that there were insignificant differences between the means of the certified and obtained values for the elements under investigation, using the different digestion techniques at the 95% confidence limit. According to the recovery calculations (Table 2 ) and the absolute percentage error comparisons ( Figure 1 ) of elements having certified value with respect to NIST SRM 1586a, no significant differences were observed in recoveries either between the WD1 and WD2 or DA1 and DA2 methods as indicated by Student's paired t-test (at the 95% confidence limit). Also, taking into account the recovery values, it was found that the WD1 and WD2 methods gave the best results for the majority of the elements. Although sufficient recoveries were obtained for almost all elements using the proposed methods, it was observed that the WD1 method the best results compared to the other methods ( 
g A S N almost all of the minor and trace elements in the standard rice flour. However, some losses of analytes were observed during dry ashing procedures, especially of Bi, Fe, and Cd, probably due to volatilization and/or retention on the crucibles. tbl2,fig1
Study of Matrix Effects
To check for possible interferences due to the sample matrix, linear regression statistical tests at the 99% probability level were applied to compare the slopes of the regression lines found by plotting the emission intensities of aqueous standards versus the emission intensities of standard addition solutions (Tables 3-5 ). The theoretical model assumes that the values of the slope are equal to unity (absence of additive or multiplicative effects; 17). If the calculated slopes did not differ significantly from unity, then the sensitivities of the 2 techniques were similar; otherwise, the 2 techniques were significantly different. It was found that almost all analytes were shown to have both significant (S) and nonsignificant (NS) differences (at the 99% probability level), depending on the type of sample matrix and the digestion procedure applied. Comparison of emission intensity slopes indicated that only Ag could be determined, either with aqueous standards or standard additions calibration methods (i.e., NS in all cases). This is evidence of the absence of additive or multiplicative effects, and that the measurement process was not affected by nonspectral interferences. Therefore, calibration with aqueous standards was valid for Ag determination. In contrast, Cu and Mg showed significant differences in the sensitivity of the determination in all cases (i.e., S in all cases), so only calibrations with standard additions were valid for Cu and Mg determinations. However, for Al, Ba, Bi, Cd, Cr, Ga, In, Fe, Mn, Pb, and Zn, the differences in slope values of the regression lines plotted between the emission intensities of aqueous standards and standard addition solutions of these elements (i.e., either S or NS) may be attributed to both additives and matrix effects. These deviations hinder direct calibrations using aqueous standards, and make it necessary to use the standard addition method for determination of these elements in order to eliminate the errors due to nonlinearity and/or matrix interferences. Moreover, the emission intensity slope values of some elements (e.g., Fe, Cu, Bi, Mg, and Zn) indicated that there are systematic deviations due to sample matrixes and/or reagents used. This causes constant errors that lead to higher or lower slope values (i.e., either higher or lower than unity) and decrease the sensitivity. Furthermore, the theoretical model assumes that the values of the coefficient correlation (R) are equal to unity (maximum agreement; 17). It was found that the calculated R values varied in the range of 0.773 to 0.999. Overall, the results proved that all of the techniques are useful for analysis of cereal and cereal flour samples for these analytes, with acceptable precision and accuracy (22, 23) .
tbls3-5
Analysis of Cereal and Cereal Flour Samples
All cereal and cereal flour samples were pretreated using the different digestion procedures (WD1, WD2, DA1, and . 0
. 
g A ) and analyzed by ICP-AES using the operational conditions described in Table 1 . Overall, the results demonstrated that all of the methods can be used for analyzing cereal and cereal flour samples with acceptable accuracy. The elemental contents and uncertainty of the measurements are given in Tables 6-8 for each analyzed sample. The relative standard deviation values in almost all cases ranged between 1-9%, proving sufficient reproducibility of the developed methods. With respect to cereal and cereal flour samples, Student's t-test (P < 0.05) did not reveal significant differences in efficiency between WD1 and WD2 or DA1 and DA2. Also, it was proven that the digestion of cereals and cereal flours did not require the addition of H 2 O 2 for wet digestion or HNO 3 for dry ashing procedures to quantitatively extract the analyte elements in cereal and cereal flour samples. This helps to minimize problems of contamination and high blank values and also reduce sample pretreatment.
tbls6-8 (THIS LISTING OF EACH METAL TAKES MUCH SPACE AND IS REPETATIVE. YOU FOUND ALL METALS IN ALL SAMPLES. YOU FOUND NO SIGNIFICANT DIFFERENCES IN ANY SAMPLE FOR ANY ELEMENT. THIS COULD BE STATED IN A SINGLE SENTENCE. THE SAMPLES CONTAINING THE HIGHTEST AND LOWEST LEVELS OF EACH METAL COULD BE SUMMARIZED IN A NEW TABLE, BUT THIS INFORMATION MUST ALREADY BE IN THE PRESENT TABLES.)
(a) Silver.-Multiple comparisons among cereal and cereal flour samples showed that Ag was present in all samples at very low concentrations. Student's paired t-test (P < 0.05) between all samples showed that Ag levels were not significantly different. However, it was found that the Ag level was highest in corn (0.027 ± 0.002 mg/g) and lowest in wheat (0.011 ± 0.001 mg/g).
(b) Aluminium.-Al was abundant in both cereals and cereal flours. Student's paired t-test indicated that Al levels were not significantly different between all samples. Moreover, the Al level was highest in rice (4.247 ± 0.246 mg/g) and lowest in wheat flour (3.212 ± 0.218 mg/g).
(c) Barium.-Ba was present in both cereals and cereal flours at relatively low concentrations. Student's paired t-test showed no significant differences between them for all samples. The Ba level was highest in rice (0.106 ± 0.015 mg/g) and lowest in corn flour (0.077 ± 0.006 mg/g).
(d) Bismuth.-The highest level of Bi was found in rice (0.221 ± 0.018 mg/g) and the lowest level in corn flour (0.096 ± 0.010 mg/g). It was found that Bi was present in all samples at very low concentrations. Student's paired t-test showed no significant differences between them.
(e) Cadmium.-Cd was present in both cereals and cereal flours. Student's paired t-test between all samples showed that Cd levels were not significantly different. The highest level of Cd was found in wheat (0.027 ± 0.003 mg/g), while the lowest level was found in wheat flour (0.017 ± 0.002 mg/g).
(f) Chromium.-The highest concentration of Cr was observed in corn flour (0.560 ± 0.026 mg/g), and the lowest 
b P (g) Copper.
-Cu was also present in both cereals and cereal flours. Student's paired t-test showed insignificant differences between them. The highest level of Cu was found in wheat (2.505 ± 0.131 mg/g), while the lowest level was found in corn flour (1.892 ± 0.140 g/g).
(f) Iron.-Fe was present in cereals and cereal flours, generally at high concentrations. Student's paired t-test indicated that Fe levels did not vary significantly between all samples. The highest level of Fe was found in wheat (20.61 ± 1.212 mg/g), while the lowest level was found in rice flour (8.880 ± 0.693 mg/g).
(g) Indium.
-In was present in both cereals and cereal flours in low concentrations. Student's paired t-test indicated that In levels were not significantly different between all samples. The highest level of In was found in rice (0.337 ± 0.018 mg/g), while the lowest level was found in wheat flour (0.194 ± 0.014 mg/g).
(h) Gallium.-The concentration of Ga was highest in corn flour (0.063 ± 0.005 mg/g) and lowest in wheat flour (0.030 ± 0.004 mg/g). It was found that Ga was present in all samples at very low concentrations. Student's paired t-test showed no significant differences between them.
(i) Magnesium.-Mg was highly abundant in cereals and cereal flours, with no significant differences between them, as proved by using Student's paired t-test. The highest level of Mg was found in corn flour (663.2 ± 20.89 mg/g), while the lowest level was found in wheat flour (414.4 ± 12.46 mg/g). Mg was not quantified in all samples using the dry ashing methods (DA1, DA2) due to method limitations, i.e. an ethanolic solution of Mg (NO 3 ) 2 was used as an ashing aid.
(j) Manganese.-Mn was present in cereals and cereal flours at relatively high concentrations. Student's paired t-test indicated that Mn levels did not vary significantly between all samples. The highest level of Mn was found in rice (11.99 ± 0.832 mg/g), while the lowest level was found in corn flour (5.795 ± 0.353 mg/g).
(k) Lead.-Pb was present in both cereals and cereal flours at relatively low levels. Student's paired t-test did not reveal significant differences between them. The Pb level was highest in rice (0.041 ± 0.004 mg/g) and the lowest in corn flour (0.017 ± 0.002 mg/g).
(l) Zinc.-Zn was highly abundant in both cereals and cereal flours. Student's paired t-test indicated that Zn levels were not significantly different between all samples. The Zn level was highest in rice (22.74 ± 1.301 mg/g) and lowest in corn flour (10.01 ± 0.812 mg/g).
Conclusions
The analytical methods that have been developed and validated for cereal and cereal flour sample digestion proved to be simple, accurate, robust, (IS THERE DATA TO PROVE ROBUSTNESS?) and reliable. They can be
b P 3 for dry ashing is not critical. In addition, although acceptable results were obtained from all of the developed methods, the wet digestion procedure with HNO 3 -H 2 SO 4 is recommended for increased analyte recovery. The dynamic range of the method covers the range of concentrations usually found in cereal, and cereal flours, and the reproducibility of the method is sufficient.
